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a b s t r a c t
Lithological, geochemical, and micropaleontological data indicate that the Late Glacial of the
northwestern Okhotsk Sea (OS) is characterised by severe climatic and environmental conditions with
mainly perennial sea ice coverage and low productivity accompanied by weak deep-water ventilation
and a temperate formation of the upper Sea of Okhotsk Intermediate Water (SOIW). The age model of
the studied core sediments was constructed by AMS 14C dating. The most severe environmental
conditions occurred during the period 15.8–14.8 kyr, synchronous with cold Heinrich event 1.
Insigniﬁcant regional environmental amelioration accompanied by an increase of productivity and ice
weakening during summer occurred almost simultaneously with the Bølling–Allerøed (BA) warming.
The obtained results distinguished both the Bølling and Allerøed warmings as having different
environmental conditions. Oxygen content in the surface sediment was low, as seen from the
production of the benthic foraminifera (BF) species. During 12.6–11.1 kyr, synchronous with
the Younger Dryas (YD) cold event, the regional environment conditions were cold, but not as severe
as the glacial ones. Some climatic warming since the Preboreal has stimulated sea ice melting and
surface amelioration during the summer season, which in turn led to a productivity rise and changes in
the water column and bottom environment. Some increase in the surface water stratiﬁcation and the
intensiﬁed oceanic diatom and surface radiolarian production is parallel with the development of a
mesopelagic regime of productivity. The surface sediment condition favours BF abundance and
domination by BF species tolerant to oxygen deﬁciencies. During the Boreal period more stable surface
conditions were accompanied by continuously high productivity and an intensifying of its mesopelagic
regime.Signiﬁcant regional climate warming since the Atlantic (9 kyr ago) strongly intensiﬁed the
summer sea ice melting in the OS, and this created considerable surface environment amelioration with
the preferential transport of bacteria and phytodetritus into the SOIW. Further considerable warming of
the regional climate from 6 kyr ago contributed to slight sea ice changes, surface water warming, and
the enhancement of its stratiﬁcation; all typical for most of the OS. Along with a high nutrient supply
from the Amur River, the NW OS experienced a strong diatom production increase with the maximum
amount occurring during the last 3.6 kyr. This changed the productivity type and organic matter export
into the water column while increasing the feeding of the ‘‘productive’’ Plagoniidae spp. group and
decreasing the microbial biomass supply into the upper SOIW. Some sea surface water cooling or saltier
conditions at the beginning of the Subatlantic (2.4–1.8 kyr) was followed by its warming or freshening
1.5–1.0 kyr ago, which likely correlated with the Medieval Warm Period. In turn, that probably led to
strong surface water stratiﬁcation, productivity deterioration and considerable changes in the overall
NW OS environment. The established sequence of the northwestern OS environmental changes during
the Late Glacial–Holocene is related to the Northern Hemispheric climate changes and was likely forced
by atmospheric teleconnection in line with the polar circulation index variability.
& 2010 Elsevier Ltd. All rights reserved.
1. Introduction
The OS, as a marginal subarctic basin, is a good candidate for
Quaternary paleoceanographic research for the following reasons:
(1) it is located in the Northern Hemispheric latitudes where the
most distinctive Pleistocene paleoclimatic ﬂuctuations took place
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and (2) its paleoenvironment changes were also inﬂuenced by
climatic changes above the adjacent land and by water exchange
with the adjoining Paciﬁc. A high sedimentation rate, extensive
sea ice coverage and the presence of numerous and various
microfossils in the sediments led to expressive ﬂuctuations of
geochemical, lithophysical and paleontological parameters, allow-
ing us to reconstruct a high-resolution paleoceanographic history.
The Late Quaternary study of the OS that took place from 1950
to 1960 (Bezrukov, 1960; Jouse, 1962) was actively renewed at
the end of the 1980s and 1990s and at the beginning of the
present century by Russian, American, German and Japanese
scientists (Gorbarenko et al., 1998, 2002a, 2004; Keigwin, 1998;
Khusid, 2000; Shiga and Koizumi, 2000; Barash et al., 2001; Basov
et al., 2001; Ternois et al., 2001; Okazaki et al., 2003; Seki et al.,
2004; Nu¨rnberg and Tiedemann, 2004; Sakamoto et al., 2005;
Itaki et al., 2008). The Late Quaternary chronostratigraphy and
main changes in the surface water condition, sea ice history,
productivity, and the intermediate and bottom water evolution
during the Late Pleistocene and Holocene have been recon-
structed. Most of the published paleontological studies of the OS
were based on the limited biogenic fossils and paleoenviron-
mental indicators (Shiga and Koizumi, 2000; Barash et al., 2001;
Pushkar and Cherepanova, 2001, 2008; Basov et al., 2001; Okazaki
et al., 2003; Matul’ and Abelmann, 2001; Itaki et al., 2008), and
this lack of data presently hampers a comprehensive overview of
the climate and environmental evolution of this very special
marginal basin. In addition, the majority of these studies were
concentrated in the central and southern parts of the basin.
In the present study the authors studied a sediment core from
the northwestern (NW) part of the OS, which has more severe
modern sea ice conditions, by using a multidisciplinary approach
in order to get a more comprehensive reconstruction. The age
model of the studied sediments was reconstructed with AMS 14C
data. The resulting complex of isotope—geochemical, lithological
and micropaleontological analyses including diatoms, radiolarians
and benthic foraminifera (BF) allowed us to deﬁne high-resolution
changes of the sea ice condition, surface water, water column and
surface sediment environment, and the productivity of the NW OS
during the last 18 kyr and correlate them with the environmental
changes in other parts of the OS and with the global Northern
Hemisphere climate changes.
1.1. Modern hydrology of the study area
The large-scale surface cyclonic circulation of the OS includes:
(1) the warm Western Kamchatka Current carrying Paciﬁc water
transformed near the Kurile Islands to the north and the
Compensation Kamchatka Current ﬂowing to the south off
Kamchatka, (2) currents along the northern seacoast—North
Okhotsk Current, and (3) a steady cold East Sakhalin Current that
carries cooled, freshened shallow water along Sakhalin Island
from its north tip to the south over the shelf area and leaves the
Okhotsk Sea through the Bussol’ Strait (Fig. 1). In addition it
includes the warm and saline water of the Soya Current which
inﬂows from the Sea of Japan and enters the southern part of the
Okhotsk Sea through the La Perouse Strait (Fig. 1). According to
the physical oceanography, the hydrology of the studied core area
was not signiﬁcantly inﬂuenced by the East Sakhalin Current and
the Soya Current and was mostly under the effect of the North
Okhotsk Current.
The spring and summer heating of the surface water in the OS
creates warm surface water (WSW) during the summer season
with high temperatures between 5 and 14 1C and a low salinity of
31.5% and 33.2% (Kitani, 1973; Freeland et al., 1998). At a depth
range of 30–40 to 150–200 m, under a thin surface layer of high
seasonal variability, subsurface cold water appears (Moroshkin,
1966; Kitani, 1973) or the Sea of Okhotsk dichothermal layer
(SODL) (Yang and Honjo, 1996), with a negative temperature and
low salinity (33.0–33.2%) which is formed during the winter
period and preserved during summer and can be seen throughout
the entire OS.
The Sea of Okhotsk intermediate water (SOIW) is suggested to
be formed by an isopycnal mixing of the dense and cold Shelf
Derived water (SDW), originating during winter sea ice formation
and brine rejection, with the inﬂow of North Paciﬁc water. SOIW
is characterized by a low positive temperature of 1–2oC, a lowered
salinity of 33.4–34.3% and high oxygen content of 2.5–6.5 ml/l
(Kitani, 1973; Freeland et al., 1998). Wong et al. (1998)
distinguished the SOIW as between an upper SOIW above a
potential density of 27.0 at the depth of 500–600 m, being directly
modiﬁed by SDW, and the lower SOIW below 500–600 m down to
1000 m. The oxygenated SOIW spreads across the OS, leaves the
Sea at the rate of 2.7 Sv and ventilates the intermediate depth
waters of the North Paciﬁc (Talley, 1991; Wong et al., 1998).
The mesothermal maximum layer at around 1000 m with a
rather high and stable temperature (1.7–2.5 1C), minimal oxygen
content (0.5–0.8 ml/l) and rather high salinity (34.4–34.5%)
originates from the warm Paciﬁc deep water (PDW) (Moroshkin,
1966; Kitani, 1973). Below the mesothermal layer the OS is
bathed by old and cold deep Paciﬁc water inﬂowing into the Sea
through the deep Bussol’ and Kruzenshtern Straits.
As the OS is located between the Siberian High and the
Aleutian Low, northerly winds and some of the lowest tempera-
tures in winter form the pronounced winter sea ice coverage
(Alfutis and Martin, 1987). The signiﬁcant freshwater input,
especially from the Amur River, contributes to the strong
stratiﬁcation of the WSW and causes the formation of the SODL
during the summer (Freeland et al., 1998).
2. Materials and methods
The core LV27-2-4 (541300N., 1441450E; core length 738 cm;
water depth 1305 m), was recovered during Cruise 27 of the R/V
Fig. 1. Location of the investigated core LV 27-2-4 (star) and previously studied
cores 934, 936, LV 28-40-5, V34-90, V34-98 (circle) and a generalized
scheme of the surface water circulation in the OS; ESC—East Sakhalin Current,
NOC—North Okhotsk Current, WKC—West Kamchatka Current, CKC—Compensa-
tion Kamchatka Current, SC—Soya Current.
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‘‘Akademik M.A. Lavrent’yev’’ within the framework of the
Russian–German Project KOMEX. The core is taken from
the northeast continental slope of Sakhalin Island to the
northwest of Deryugin Basin, suitably located in a zone of
inﬂuence of the North Okhotsk Current (Fig. 1). Sediment
core lithology was as follows: 0–170 cm—diatomaceous
clayed silt; 170–330 cm—weakly diatomaceous clayed silt;
330–420 cm—terrigenous clayed silt with an admixture of
diatoms; 420–738 cm—terrigenous silty clay.
Microfossils were studied with regard to their species
composition and the total number of specimens per gram of dry
sediment. For benthic foraminiferal (BF) studies the size fraction
463 mm was used because of the importance of small specimens
for paleoecological investigation (Thomas et al., 1995). For
quantitative calculations we followed the technique of Fatela
and Taborda (2002), which has shown that 100 BF specimens are
enough for knowing the distribution of a dominating taxon.
Preparation for diatomic analysis was carried out by a standard
technique (Diatomaceous Algae, 1974). To deﬁne a species diatom
composition 300–350 diatom valves per sample were counted;
then we determined dominants, subdominants and accompany-
ing species. The number of diatoms per gram of air-dry sediment
was calculated as well.
The sediment for the radiolaria analysis was dried at air
temperature. A sediment fraction 450 mm was processed with
the use of a peroxide of hydrogen and sodium tripolyphosphate.
In one sample, as a rule, we counted 4250–330 specimens of
radiolaria.
The oxygen isotope composition (d18Opf) of the planktonic
foraminifera Globigerina bulloides from the of 125–250 mm
fraction was analyzed without preliminary roasting with a Finigan
520 mass spectrometer (GEOMAR, Germany). Radiocarbon ages
were measured at the Keck carbon cycle AMS facility of the Earth
System Science Dept. (IRVINE, USA).
A CARLO ERBA NA 1500 CNS analyzer was used to determine
the carbon and nitrogen content in the sediment. CaCO3 content
in the sediment was determined by hydrochloric acid preparation.
To measure the organic carbon content, the carbonate carbon was
preliminarily removed from the sediment by a hydrochloric acid
preparation, and the remaining dry sediment was burned in a
blast of oxygen at a temperature of 1000 1C. To estimate the input
of terrestrial organic matter to the total organic content of
sediments we used the ratio of atomic carbon to atomic nitrogen
(C/Nat), calculated by the measured values of the C and N
percentage in the sediment. The organic matter of marine origin
has a C/Nat ratio within the limits of 5–8, which is close to values
of marine phytoplankton (Redﬁeld et al., 1963). The organic
matter of terrigenous origin shows a much higher C/Nat ratio of
25–35 (Meyers, 1994). The measured values of nitrogen content
in the deposits were corrected for the size of inorganic nitrogen
contained in the clay by its subtraction from the measured values
of nitrogen (Goni et al., 1988). The isotopes and geochemistry
were measured at the Institute of Marine Science in Kiel, Germany
(Leibniz-Institut fu¨r Meereswissenschaften an der Christian-
Albrechts Universita¨t zu Kiel).
To determine biogenic opal content, natural sediment was
processed in a 30% solution of hydrogen peroxide; the H2O2
surplus was removed by evaporation at a temperature of 60 1C,
and then 40 ml of 2M sodium carbonate were added. The sample
was kept for 5 h at 85 1C with periodic mixing (Mortlock and
Froelich, 1989). In the washed ﬁltrate opal was determined by a
colorimetric method under the restored form of the silicomolyb-
dic heteropolyacid using the photocolorimeter KFK-2, its wave
length being 670 nm (Popov and Stolyarova, 1974).
Terrigenous grains, which are contained in coarse sediment,
can be transported to the sea only by ice; therefore, the content of
the ice rafted debris (IRD) in the sediment is an indicator of the
activity and distribution of seasonal sea ice and icebergs (Kent
et al., 1971). As a measure of IRD, we counted a number of
terrigenous particles in the 150–2000 mm size fraction per gram
of dry bulk sediment under the microscope (Gorbarenko et al.,
2003a).
2.1. Microfossils of the OS sediments as paleoecological indicators
2.1.1. Basic species of benthic foraminifera (BF)
Recent researches have shown that the ecological changes of
the BF complex are caused by the ﬂuxes of organic matter to the
bottom and by the deﬁciency of dissolved oxygen of the pore
waters of superﬁcial sediments, rather than by the variability of
the physical and chemical properties of the bottom waters
(Streeter and Shackleton, 1979). Many studies consider BF
complexes as markers of change in oxygenation at the bottom
and in pore waters and changes of the surface water productivity
(Sen Gupta and Machain-Castillo, 1993; Bernhard et al., 1997;
Moodley et al., 1998). Calcareous benthic foraminifera are
divided into dysoxic (0.1–0.3 ml/l), suboxic (0.3–1.5 ml/l), and
oxic (41.5 ml/l) indicators on the basis of relations between
speciﬁc morphologic characters (or species composition) and
oxygen levels and calcareous benthic foraminiferal microhabitat
(Cannariato and Kennett, 1999; Kaiho, 1994, 1999).
Many researchers have shown the relationship of a high
population count of Uvigerina peregrina Cushman (¼Uvigerina
akitaensis Asano) and Bolivina spissa Cushman with the productive
areas of the ocean, where sediments are characterized by a very
high content of organic carbon, and bottom waters are poor in
oxygen (less than 0.5 ml/l) (Smith, 1964; Phleger and Soutar,
1973; Loubere, 1991; Khusid and Basov, 1999). These species,
which are usually accompanied by Cassidulina laevigata
d’Orbygny, are ranked to the suboxic taxons (Cannariato and
Kennett, 1999). B. spissa is also described as a dysoxic indicator by
Kaiho (1999). Buliminella tenuata Cushman is characterized as a
dysoxic taxon as well (Cannariato and Kennett, 1999; Cannariato
et al., 1999). The presence of Valvulineria ochotica Stschedrina¼
Valvulineria sadonica Asano testiﬁes to the increased level of
bioproductivity in surface waters (Smith, 1964; Phleger and
Soutar, 1973; Khusid, 1979). The species Uvigerina auberiana
d’Orbygny is limited to the areas with an oxygen content in
bottom waters 41 ml/l (Smith, 1964; Phleger and Soutar, 1973),
and it can be considered as an oxic taxon. However U. auberiana
was also described as a suboxic species by Bubenshchikova and
Nu¨rnberg (2008), based on BF distributions in the modern OS
sediment. Cannariato et al. (1999) deﬁned Nonionellina labradorica
Dawson as an oxic taxon as well. N. labradoricawas also described
as a suboxic to oxic form by Ohkushi et al. (2003). Cassidulina
teretis Tappan is a characteristic representative of the Arctic
seas microfauna (Mackensen and Hald, 1988). Valvulineria spp.,
N. labradorica, U. auberiana, and C. teretis were characterized as
suboxic taxons (Kaiho, 1994; Bubenshchikova and Nu¨rnberg,
2008).
The small size and morphological peculiarities of the valve of
the phytodetritus species Alabaminella weddellensis Earland
provide intensive development of the species in the sea ice areas
in conditions of the short-term intermittent seasonal delivery of
very fresh, easily degraded organic matter to the bottom at
reduction of the vegetative period because of a long-term
seasonal cover of ice. Under such conditions, other species, which
require longer intake of organic matter for growth and develop-
ment, are usually suppressed (Thomas et al., 1995; Khusid, 2000).
A. weddellensis was assigned to the suboxic taxons (Kaiho, 1994,
1999).
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2.1.2. Basic diatom species
Jouse (1962) revealed that the diatom species assemblages
buried in the OS Late Quaternary sediments are identical to
modern phytoplankton, except for readily soluble forms. Climate
ﬂuctuations are reﬂected in diatom complexes in changes of the
total diatom concentration in the sediment, the dominating
species, and in the ratio of ecological groups of species.
Thalassiosira latimarginata Makarova, Actinocyclus curvatulus
Janisch, Neodenticula seminae (Simonsen et Kanaya) Akiba
and Yanagisawa, Thalassiothrix longissima Cleve and Grunow,
Rhizosolenia hebetata f. hiemalis Bailey are species of the oceanic
group, and they usually dominate in the open OS. T. latimarginata,
the typical representative of the OS oceanic species, is an indicator
of the dichothermal layer (Sancetta, 1981) as well.
Rhizosolenia hebetata f. hiemalis Bailey a planktonic stenohaline
species, usually dominates the OS glacial sediment (Pushkar and
Cherepanova, 2008). It is believed that the high frequency of
R. hebetata marks normal salinity in surface water (Pushkar and
Cherepanova, 2008).
Neodenticula seminae (Simonsen et Kanaya) Akiba and
Yanagisawa, a planktonic diatom, is an indicator of relatively
warm, high salinity Paciﬁc waters (Sancetta, 1981). N. seminae is a
productivity indicator in the North Paciﬁc according to Takahashi
(1997).
The species Bacterosira bathyomphala Gran, Thalassiosira
gravida Cleve (spore) and T. antarctica Comber vegetating near
to the sea ice edge, can be attributed to the near-ice group. These
species are common in early-spring plankton and typical for the
Arctic and subarctic waters (Polyakova, 1997). They are indicators
of waters having a low temperature and long seasonal ice cover
(Sancetta, 1981).
Paralia sulcata (Ehrenberg) Cleve is a semi-benthic euryhaline
species (Zong, 1997) indicative of periods of active ice melting and
surface water freshening.
Chaetoceros septentrionalis Oestr., Nitzschia grunowii Hasle,
N. cylindra (Grunow) Hasle, Thalassiosira nordenskioeldii Cleve,
T. hyalina (Grun.) Gran, T. kryophilia Jorgensen vegetate at the ice
edge, beneath the ice, and inside it (Horner et al., 1988), i.e., they
are directly connected to sea ice and consequently are referred to
as ice species.
2.1.3. Basic radiolarian species
Cycladophora davisiana (Ehrenberg) is associated with the
homogeneous cold, well-ventilated upper part of the Sea of
Okhotsk Intermediate water (SOIW) at a depth of 200–500 m
(Nimmergut and Abelmann, 2002; Abelmann and Nimmergut,
2005). Though the SOIW is overlapped by a strongly stratiﬁed
horizon, the analysis of the distribution of C. davisiana in recent
and Quaternary sediments of the World Ocean shows that the
increase in concentration of this species is not necessarily
connected to the establishment of a distinct stratiﬁcation in the
subsurface layer (Abelmann and Nimmergut, 2005). According to
Hays and Morley (2003), C. davisiana is an indicator of a
mesopelagic productivity regime, and this is consistent with the
conclusion of Okazaki et al. (2003) that the microbial biomass
export into SOIW is the primary control of the production of this
species.
A grouping of Plagoniidae spp. is an indicator of the cold,
summer stratiﬁed, productive water masses of the northwestern
near-shelf zone of the modern OS (Nimmergut and Abelmann,
2002; Abelmann and Nimmergut, 2005). Plagoniidae spp. are not
strongly related to speciﬁc water-mass properties and food
supply, governed by nutrient supply, the heterotrophic activity
and phytodetritus export are the main factors controlling their
distribution in the OS (Abelmann and Nimmergut, 2005). The
increased content of this taxon in plankton is found in summer
and is correlated with high productivity of phyto- and bacter-
ioplankton.
Stylochlamydium venustum (Bailey), having broad environmen-
tal tolerance, is directly related to the phytoplankton production
and nutrient supply of the sea surface, where it mainly feeds on
diatoms (Abelmann and Nimmergut, 2005). S. venustum, an
indicator of a moderately-cold surface layer that is relatively
warm in summer with temperatures more than 5 1C at present,
is more abundant in the southeast part of the OS, which is
inﬂuenced by the Paciﬁc water masses (Nimmergut and
Abelmann, 2002). S. venustum is the most abundant among
modern sediments on the continental slope of the Bering Sea
(Blueford, 1983; Wang et al., 2006) and one of the most abundant
in the subarctic Paciﬁc (Robertson, 1975). The maximum output
of this species in OS plankton is revealed in spring against a
background of a phytoplankton bloom.
Ceratospyris borealis (Bailey), according to plankton net and
sediment trap data, inhabit the subarctic Paciﬁc in a wide range of
depths from 50 to 500 m, occupying cold horizons both with a
sharply expressed dichothermal layer and without it (Takahashi
et al., 2002; Nimmergut and Abelmann, 2002; Hays and Morley,
2003; Okazaki et al., 2004; Abelmann and Nimmergut, 2005). This
species is found in increasing amounts but does not dominate
within the surface sediments of the central OS (Nimmergut and
Abelmann, 2002). It is one of the dominant species (the second or
third in number) in the complexes of the Holocene, recent
sediments of the Bering Sea and the northern subarctic Paciﬁc
(Robertson, 1975; Blueford, 1983; Kruglikova, 1999; Tanaka and
Takahashi, 2005). Probably, this species is a marker of the low-
temperature subsurface layers of water coming to the OS from the
northern Paciﬁc.
Dictyophimus hirundo (Haeckel) is characteristic of the deep-
water complex from the lower SOIW and deeper layers, which
bear the attributes of deep Paciﬁc water that is poorly ventilated
in the OS (Nimmergut and Abelmann, 2002; Abelmann and
Nimmergut, 2005).
2.2. Age model of core LV27-2-4
The studied core was divided into several intervals on the basis
of abrupt changes in geochemical (Corg., CaCO3, opal content, C/N
ratio) and lithological (IRD, weight % of fraction 4150 mm)
parameters (Fig. 2). The pattern of changes of similar geochemical
and lithological proxies versus time is typical for the OS sediment
over the last glacial–Holocene, in the earlier dated cores 934, 936
and LV 28-40-5 (Gorbarenko et al., 2003a, b, 2004, 2007) (Fig. 3).
That is why the established boundaries of Core LV27-2-4 were
chosen for the AMS radiocarbon dating (Table 1). All AMS data of
planktonic foraminifera were corrected for OS surface water
reservoir age of 0.95 kyr (Southon et al., 2005). The average age
difference between coexisting benthic–planktonic foraminifera
was accepted as being equal to 0.9 kyr according to the obtained
data (Table 1). The glacial sedimentation rate is accepted as being
equal to that of a cold YD event. Further in the text we used
calendar age as calculated from the radiocarbon one by Bard
polynoms (Bard, 1998).
Records of CaCO3 and Corg. content in the core sediment
distinctly show two synchronous peaks consistent with the
typical pattern of variability for the OS at the transition from
the last glaciation to the Holocene (Gorbarenko et al., 1998,
2002a, 2004; Seki et al., 2004). These peaks (conventionally
named 1A and 1B) were caused by the productivity increase at the
end of 1A and 1B of the last glaciation, close to the climate
warming of Bølling/Allerøed (BA) and of the beginning of the
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Holocene (Preboreal) (Bard et al., 1996; Gorbarenko, 1996; Stuiver
et al., 1995). The beginning of these peaks is marked by a sharp
increase in the C/Nat ratio as well (Fig. 2b) and shows an
expansion in the input of terrigenous organic matter from the
adjoining land into the OS corresponding with the sharp rise in
sea level instigated by melted water pulses (MWP) 1A and 1B
(Fairbanks, 1989; Bard et al., 1996). Recession of CaCO3 and
Corg content between these peaks within an average age of
12.6–11.1 kyr (Table 1) was caused by the productivity reduction
associated with the cold YD event (Stuiver et al., 1995). The age of
key time points of the studied core (Table 1) is 0.1–0.3 kyr
younger than the corresponding ages of the BA and YD event
boundaries in the Northern Hemisphere (Stuiver et al., 1995;
Wang et al., 2001). The age differences between the OS key point
and classic boundaries of the BA and YD events may be caused by
some errors and the large magnitude of age correction applied to
the OS surface water during deglaciation.
The glacial sediments have very low biogenic opal content and
diatom abundance in all the studied cores following its weak
growth from the beginning of the Holocene 11.2 kyr ago. The
250 cm boundary was chosen because of a steep decrease of IRD
and the beginning of a strong increase in the opal content from
about 6 kyr ago; the 170 cm boundary is related to low IRD
accumulation and diatomaceous sedimentation around 3.6 kyr
(Bezrukov, 1960; Gorbarenko et al., 2002a, b) (Fig. 3j, h, i). Major
changes in the Corg., CaCO3, and opal content in Core LV27-2
according to the obtained age model occurred simultaneously
with the earlier demonstrated changes of similar parameters in
the dated cores 934, 936 and LV28-40-5 (Fig. 3). That conﬁrms the
validity of the studied core age model and total pattern changes of
climatically derived productivity and geochemistry of the OS
sediment.
Because of the considerable inﬂuence of the freshwater input
on the surface water salinity in the NW OS, the d18Opf curve of the
Fig. 2. Okhotsk Sea core LV 27-2-4 geochemical and lithological records versus depth in core: (a) d18O of planktonic foraminifera Globigerina bulloides (%, PDB standard),
(b) atomic C/N ratio, (c), (d), (e) content of calcium carbonate, organic carbon and biogenic opal (weight %), respectively, (f) diatom abundance (# diatom valves/gram dry
sediment), and (g) IRD (# terrigenous particles in the 4150 mm fraction/gram dry sediment). Vertical lines show stratigraphical division of the core sediment by Late
Glaciation, BA warming, YD cold event and Holocene periods (at the top) according to the above-mentioned proxy changes typical for the OS (see the text).
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studied cores does not clearly indicate the MIS boundaries as in
the central sea (Gorbarenko et al., 2002a, b, 2004). Nevertheless, a
rapid negative shift in d18Opf (up to 0.5%) from 14.4 kyr Fig. 6b) is
consistent with d18Opf changes of the other dated OS cores
(Gorbarenko et al., 1998, 2002a, b, 2004) and variability of the
isotope—geochemical proxies at the beginning of BA warming at
14.7 kyr (Stuiver et al., 1995).
3. Results and discussion
We can see the changes in the relative and absolute abundance
of the dominant and subdominant species in the BF, diatom and
radiolarian assemblages in Figs. 4–6. Being important for their
interpretation, the organic carbon, opal, IRD and d18Opf records
accompany them. The boundaries distinguished in the studied
core sediment (Fig. 2) on the basis of the above discussed
geochemical and lithological proxies as a rule coincide with the
boundaries of the main changes in abundance and domination of
the used species. That is why it makes sense to discuss the NW OS
paleoenvinroment following the time boundary of the initial
intervals. Since sea ice is one of the main parameters, determining
the OS environmental condition, especially in its NW part, where
there is more severe ice, we will now consider ﬁrst the sea ice
variability in the course of the discussion.
3.1. The end of the last glaciation (17.1–14.3 kyr), the 738–585 cm
interval
During the last glaciation IRD accumulation in the studied core
was very low, approximately equal to that of the Late Holocene,
(Fig. 3j). On the other hand, high IRD values in the central (cores LV
28-41-5 and 936 (Gorbarenko et al., 2004, 2003a)) and the
southern (cores 934 (Gorbarenko et al., 2003b)) OS indicate a
strong increase in sea ice formation and its extension in the main
part of the glacial Sea (Fig. 3l). IRD changes in Core LV28-40-5
(Fig. 3k), located under the ESC inﬂuence zone, have higher glacial
values compared with the Holocene ones; however, its changes
also have a commonality with the Core LV27-2-4 variability during
the BA and BP periods. Therefore, low IRD values in the studied
Fig. 3. Changes of organic carbon (Corg. wt%, a, b, c); calcium carbonate (wt%, d, e, f); biogenic opal (wt%, g, h, i); and IRD (# of terrigenic grains/g of dry sediment, j, k, l) in
cores LV 28-40-5, LV 27-2 and 934 according to the age model of LV 27-2 and early results (Gorbarenko et al., 2007, 2003b) versus calendar time. Upper panel indicates the
Polar Circulation Index record (PCI) (Mayewski et al., 1997). The vertical lines correlate the OS cores proxy changes with variability of PCI.
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core are a result of heavy, almost perennial, sea ice conditions in
the NW OS during glacial time, which prevented IRD accumulation
at the bottom. Probably, sea ice partially melted in the summer
seasons only during more favourable years. Contrary to that, in
most parts of the OS the sea ice melted during the summer season,
promoting active IRD accumulation at the bottom (Fig. 3l, k)
(Gorbarenko et al., 2003a; Vasilenko et al., 2006). As a result of
heavy sea ice conditions and light limitations, the bioproductivity
in the NW OS was hampered in a way that is consistent with low
organic carbon content (Fig. 3c) (Jouse, 1962; Gorbarenko et al.,
2002b; Seki et al., 2004; Gorbarenko and Goldberg, 2005).
Under low bioproductivity, the BF abundance during glaciation
was extremely small; however, species biodiversity was modest
(Fig. 4b, a). The suboxic species U. peregrina, C. laevigata,
V. ochotica and C. teretis dominated in BF assemblages; the
percentages of the suboxic–dysoxic B. spissa and dysoxic species
B. tenuata were signiﬁcant (Fig. 4). Taking into account the low
organic matter ﬂuxes to the bottom and insigniﬁcant oxygen
consumption for organic destruction, an observed BF species
assemblage denotes the low oxygen content in the bottom water
layer and weak deep-water ventilation during glaciation when
compared with the Middle–Late Holocene. BF data clearly shows a
strong drop in abundance and biodiversity during the period
15.8–14.8 kyr that is consistent with the lowest IRD values and,
therefore, with the strongest sea ice conditions. This was likely
forced by a more severe climate condition synchronous with the
cold Heinrich event (H) 1 (Bond et al., 1993). A small quantity of
the BF during 15.8–14.8 kyr (less than 100 individuals/per
sample) does not allow us to present statistically signiﬁcant
changes of the dominating species. Since 14.8 kyr, the number of
BF in the sediment increased, probably, because of slight surface
environment amelioration and, therefore, the beginning of the
productivity rise. Parallel with the BF number rise, the IRD that
increased during that time span (Fig. 3j) was likely induced by a
weakening of the sea ice condition and its partial melting.
The diatom data shows evidence that the surface environment
underwent the inﬂuence of a severe climate and sea ice condition
during glaciation as well. Under low diatom abundance in the
sediment the role of the sea ice and near-ice species was signiﬁcant
(Fig. 5a, e, c). Signiﬁcant abundance of the P. sulcata % (Fig. 5f),
which prefers fresh waters, indicate that the surface water
freshening was substantial during the glacial because of strong
sea ice inﬂuence. During the period 15.8–14.8 kyr ago, a peak of
sea ice diatom groups (upwards of more than 10%) conﬁrms
an especially hard sea ice condition. A share of the
P. sulcata slightly decreases during the coldest time and then
sharply increases just after the H1 event simultaneously with a
strong drop in sea ice species, signalling the beginning of sea ice
melting likely due to the following climate amelioration. The
above-mentioned signiﬁcant decrease of d18Opf at the glaciation/BA
warming boundary (Fig. 6b) also indicates that it was preferentially
caused by the reduction of the surface water salinity.
As well as other groups of microfossils, radiolaria fossils were
very scarce in the glacial sediment (Fig. 6c), indirectly showing
lowered bioproductivity, consistent with the Corg. content (Fig. 4c).
High percentages of the C. davisiana, proxy of the cold, well-
ventilated SOIW (Abelmann and Nimmergut, 2005), evidenced by
the formation of the upper SOIW driven by active sea ice and dense
shelf water formation in the main part of the OS (Fig. 6d). The
minimal frequency of S. venustum and C. borealis, surface and
subsurface water dwellers (Abelmann and Nimmergut, 2005),
during the cold event H1 conﬁrms extremely severe surface
conditions in the studied area with perennial sea ice coverage
(Fig. 6g, f). Observed radiolarian species assemblages indicate a
preferentially mesopelagic productivity regime, likely related with
stable surface water stratiﬁcation (Hays and Morley, 2003).
The data on microfossils, content of organic substances and
IRD testify to severe climatic and environment conditions in the
northwestern part of the sea, resulting in the formation of mainly
year-round sea ice during the last glaciation, consistent with
European and Asian climatic data (Frenzel et al., 1992). According
to the data, sea ice coverage and the environment of the NW sea
corner were especially severe 15.8–14.8 kyr ago, synchronous
with the cold H1 event observed in the North Atlantic (Bond et al.,
1993) and the lowest air temperature found in the d18O curve of
the Greenland ice core (The Greenland Summit, 1997). Records of
the stalagmite d18O from the central China Hulu cave indicate
a sharp and strong increase in the East Asian winter monsoon
16.0–14.8 kyr ago followed by its abrupt decrease (Wang et al.,
2001), while is in concert with the observed NW OS results
(Figs. 4–6). The climate and environment amelioration of the NW
OS from 14.6 kyr was also synchronous with an early stage of
deglaciation, established in the northeastern Paciﬁc (Hendy et al.,
2002). The deep-water ventilation was weak in the glacial OS
according to the BF data; however, the formation of the upper
SOIW was preserved as the radiolaria records indicate.
3.1.1. Bølling/Allerøed warming (14.3–12.6 kyr), 585–495 cm
interval
IRD accumulation increased at the middle of the BA indicating
the start of the summer season sea ice melting (Fig. 5b), which was
Table 1
AMS 14C data of core LV 27-2-4 sediments. All data of planktonic foraminifera were corrected for the OS surface water reservoir age of 0.95 kyr (Southon et al., 2005). The
averaged age difference between coexisting benthic–planktonic foraminifera was accepted equal to 0.9 kyr according available data.
Depth
(cm)
UCIA (MS #) Sample species 14C age (BP)
(yr)
Error (yr) Age difference
between coexisting
benthic–planktonic
14C age with the
surface water
reservoir age
correction (kyr)
14C age
corrected
(kyr)
Calendar
age (kyr)
170 50229 N. pachyderma 4205 15 3.255 3.255 3.523
170 50230 U. peregrina 5115 15 910
250 50231 N. pachyderma 6230 15 5.280 5.280 6.017
250 50232 U. peregrina 7135 20 905 6.185
250 50233 U .auberiana 6740 25 510 5.790
330 50234 N. pachyderma 9150 15 8.200 8.200 9.133
330 50235 U. peregrina 10,125 20 975 9.175
425 50236 N. pachyderma 10,760 35 9.810 9.810 11.094
425 50237 U. peregrina 11,555 25 795 10.605
495 50238 U. peregrina 12,635 25 11.685 10.785 12.553
585 50239 N. pachyderma 13,150 25 12.200 12.200 14.280
585 50240 U. peregrina 14,050 40 900 13.100
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likely forced by climate warming. It is consistent with the high % of
diatom species P. sulcata, which is a freshened surface water
marker (Fig. 5f). A continuous low diatom content in the sediment
coupled with moderate abundance of the near-ice and sea-ice
groups (Fig. 5a, c, e) indicates that the role of sea ice was
considerable in the surface environment. The initiation of sea ice
melting during the summer seasons prolonged the vegetation
period that in turn promoted a sharp growth in bioproductivity and
organic matter delivery to the bottom, thereby creating a sharp rise
in the BF number (Fig. 4b). Additional input of terrestrial organic
matter as shown by the C/Nat ratio (Fig. 2b), from the submergance
of the shelf due to the fast sea level rise forced by accelerated ice
sheet melting—MWP1A (Fairbanks, 1989; Bard et al., 1996)
probably also promoted a sharp increase of benthic fauna.
The BF species assemblages immediately responded to the
increased organic matter input as well. At the beginning of the BA
warming an oxic–suboxic species U. auberiana demonstrated a
short signiﬁcant peak in the BF assemblage. However, then dysoxic
B. tenuata, suboxic–dysoxic B. spissa and suboxic species
U. peregrina and C. laevigata started to dominate. So, the type of
species variability was induced ﬁrst by an increase in productivity
and food delivery to the bottom and then, during organic
decomposition, by the oxygen deﬁcit in the surface sediment,
leading to prosperity of the oxygen-tolerant species. The rapid and
sharp changes of an absolute and relative abundance of suboxic
and suboxic–dysoxic species, which were probably tolerant to the
oxygen deﬁct, to a different degree, denoted the variability of the
bottom sediment conditions. Probably, such changes of the BF
Fig. 4. Changes in the BF records and geochemical proxy in core LV 27-2-4 versus time: (a) BF biodiversity (number species/sample), (b) abundance (LN number shells/g
dry sediment), (c) Corg (wt%), (d) opal (wt%), (e) percentage of species A. weddellensis, (f) % of U. auberiana, (f0) % of V. ochotica, (g) % of U. peregrina, (g0) % of C. teretis, (h) % of
N. labrodoricum, (h’) % of B. tenuata, (i) % of B. spissa and (i0) % of C. laevigata. Vertical lines show the boundaries of changes in the BF species complex and their abundance
consistent with the environment change boundaries shown in Fig. 2. Broken vertical lines indicate a time span coeval with the cold Heinrich event 1, environmental change
inside the BA, abrupt species and environmental changes at 10 and 1.4 kyr age. Vertical cross line bar shows a sediment interval poor in BF (less than 100 individuals per
sample).
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species were also dependent on the origin of organic substances:
the maximum of terrestrial organic input happened at the BA
beginning according to the C/Nat ratio (Fig. 2b).
The general trends of the radiolarian accumulation, as well as the
diatomic ones, during the BA warming was similarly low, in line with
that at the end of the glaciation, in spite of higher organic carbon
content (Figs. 6c, 4c). An increase in the species C. borealis and
D. hirundo (Fig. 6h, j), the subsurface and deep-water dwellers,
signiﬁes an increased food delivery to deeper water due to higher
productivity or an increased ﬂow of Paciﬁc water. At the BA end, an
increase of S. venustum (Fig. 6f), typically a shallow dweller, probably
denotes seasonal warming and an increase of productivity.
The time resolution (90–180 year) obtained for this period and
multiproxy analyses allow us to resolve the synchronous changes
in the NW OS environment inside BA warming at 13.4 kyr ago
indicated by: a dropp in Corg. and C/Nat, a peak in IRD (Figs. 3b,
j, 2b), abrupt changes in the dominating benthic suboxic species
(Fig. 4h, h0, g, i, i0), a decrease of P. sulcata in diatom assemblages,
followed by an increase of sea-ice species (Fig. 5f, e) and
signiﬁcant changes of C. davisiana, C. borealis, D. hirundo and
S. venustum in radiolarian assemblages (Fig. 6d, h, f and g). All of
them were, likely, related with the short-term climate Older
Dryas cooling, which separated Bølling and Allerøed warming
observed in the d18O records of Greenland (Stiuver et al., 1995)
and Chinese cave stalagmite (Wang et al., 2001) near 14 kyr
ago. Some time difference in this event between the OS of
Greenland and China may be explained by the time lag of the NW
OS climate response/or systematic errors in the age model. The
higher Allerøed productivity compared with the Bølling ones
(Fig. 6b) was accompanied by changes of a productivity regime
Fig. 5. Changes in the diatom and IRD records in core LV 27-2-4 versus time: (a) abundance (# valves /g sediment), (b) IRD, (c), (d), (e) percentages of oceanic, near-sea-ice
and sea-ice diatom groups, respectively; the relative abundance of dominating and sub-dominating species—(f) P. sulcata, (g) N. seminae, (h) T. latimarginata,
(i) B. bathyophata, (j) T. gravida plus T. antarctica, and (k) P. hebetata. The vertical lines indicate the boundaries of ecological changes in the diatom complex and are shown
similar to those in Figs. 2 and 4.
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distribution in the water column according to the radiolarian
results. If, during the Bølling, the mesopelagic regime of
productivity predominated with the bacteria and phytodetritus
export into the upper and lower SOIW according to C. davisiana
and D. hirundo records (Fig. 6d, h) during the Allerøed, the organic
matter distribution into the surface and subsurface waters
increased and its input into the intermediate water was reduced
according to the records of S. venustum, C. borealis and C. davisiana
(Fig. 6f, g, d). Probably, such a change in the productivity regime of
the water column was related with the enhancement of the sea
surface water stratiﬁcation during the Allerod.
3.1.2. Younger Dryas cooling (12.6–11.1 kyr), 495–425 cm interval
A strong decrease of IRD during the YD to values close to the
glacial ones (Fig. 3j) signiﬁed the strengthening of sea ice coverage
in the NW OS, forced by climate cooling. A shrinking of the open
sea summer condition led to a decrease in the vegetation period
and productivity, as indicated by the organic carbon and CaCO3
records (Fig. 2c, d). That, in turn, contributed to the drop in the BF
content in the sediments. However, their abundance and their
organic content during the YD were somewhat higher than during
the glacial time (Fig. 4b, c). This gives evidence that the YD
climate and environment in the NW OS were not as severe as
those for the glacial time.
The BF abundance and percentages of the suboxic species
(U. peregrine, C. laevigata, B. spissa and N. labrodoricum) that
dominated for the BA showed a strong drop at the early YD, and
then again increased during the later YD (Fig. 4g, i, i0, h),
consistent with the change of organic matter ﬂuxes to the bottom.
A signiﬁcant rise in abundance of A. weddellensis (Fig. 4e), an
opportunistic phytodetritus species, shows that in spite of the
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strong sea ice coverage, the short duration of summer sea ice
melting allowed the supply of some fresh organic matter to the
bottom.
In accordance with a very insigniﬁcant increase in the diatom
numbers in the sediments, diatom species assemblages evidenced
signiﬁcant changes in the surface environment (Fig. 5). Large
percentages of the near-ice group, mostly due to the increase of
the arctic-boreal near-ice species T. gravida and B. bathyomphala
and moderate frequency of the oceanic species (Fig. 5j, i), argue
that the inﬂuence of the sea ice was signiﬁcant; however, more
mild summer conditions compared with the glacial ones stimu-
lated more active production of the near-ice species. The
increased % of the sea-ice species during the YD (Fig. 5e) conﬁrms
the strong role of sea ice. The share of the freshened water species
P. sulcata was approximately equal to the glacial one with a
decreased trend in time that is consistent with the above-
mentioned ice role.
The radiolarian assemblages during the YD were close to those
of the glacial time (Fig. 6). However, the absolute radiolarian
abundance in the YD sediments increased considerably compared
with those for early periods, including the more productive BA
(Fig. 6c). The above-mentioned changes in diatom assemblages
and changes in the BF species, including an increase in the relative
abundance of A. weddellensis and C. teretis (Fig. 4e, g0), show
evidence for the deﬁnite changes of the surface environment and
the kind of food delivered to the bottom. Judging by a
continuously higher presence of the SOIW dweller C. davisiana
(Fig. 6d), the mesopelagic productivity regime was preserved
during the YD, and the environmental conditions were favourable
for its intensiﬁcation.
3.1.3. Preboreal (PB) and boreal (BO) periods (11.1–9.1 kyr),
425–330 cm interval
The signiﬁcant increase in IRD accumulation at the beginning
of the PB (Fig. 3j) was forced by intensiﬁcation of sea ice melting
during the summer season in the NW OS as a result of Northern
Hemispheric (Bond et al., 1993) and regional climate warming
(Wang et al., 2001; Gorbarenko et al., 2003b). An increase in the
duration of the open seawater condition during summer, in turn,
led to a productivity rise and environmental change to the water
column and sediments. This scenario is conﬁrmed by a substantial
increase of the organic content and BF abundance during the PB
and BO (Fig. 4c, b). The abrupt increase in C/Nat ratio at the PB
beginning (Fig. 2b) gives evidence that the terrestrial organic
matter made a considerable contribution to the total organic
matter as a result of an accelerated glacioeustatic sea level
elevation due to the MWP 1B (Bard et al., 1996) and erosion of the
submerged shelf sediment. The strengthening of organic matter
supply to the bottom sediment resulted in considerable con-
sumption of the pore water oxygen and domination of the suboxic
species (C. laevigata, N. labrodoricum and U. peregrina) and
suboxic–dysoxic B. spissa in BF assemblages (Fig. 4i, h, g0 and i0).
Changes in different suboxic species in BF assemblages during the
PB and BO amelioration to a certain degree repeated the
tendencies and peculiarities of the BF species variability revealed
at the BA warming (Fig. 4).
Diatom numbers in the sediments slightly increased during
the PB and BO (Fig. 5a). Consistent with the summer amelioration
of the sea ice condition for the PB, the share of the oceanic species
signiﬁcantly increased and near-ice species % decreased in
accordance with the PB beginning, signifying a weakening in the
sea ice inﬂuence during the summer season (Fig. 5d, c). T. gravida
decreased remarkably at the early PB, parallel with changes of
other near-ice species (Fig. 5b, j). The relative abundance of
the R. hebetata, a stenohaline species, considerably increased
during the Late PB and its high percentage remained so during
the following BO period (Fig. 5k), an indication of surface
water salinity normalization. The simultaneous decrease in the
freshwater proxy P. sulcata is consistent with the R. hebetata
changes. The sea ice species somewhat decreased during this
period, testifying to the considerable sea ice role during the
winter seasons. The observed diatom assemblages characterize
the strongly pronounced seasonal sea ice contrast, with signiﬁ-
cant ice formation during the winter and more intensive melting
during the warmer summer. This, in turn, resulted in the longer
vegetative period and productivity rise (Fig. 4c).
During the PB and BO the growth of the absolute radiolarian
abundance in the sediments demonstrated a high level (Fig. 6c),
consistent with the total productivity enhancement. According to
the diatom results, increased summer sea ice melting led to an
ampliﬁcation of winter sea ice formation, additional salt injection
and consequently an increase in the SDW formation. This thereby
enhanced the intermediate water’s ventilation. It is consistent
with the decrease in the shallow dweller S. venustum and increase
in the SOIW marker C. davisiana at the PB/BO boundary (Fig. 6d).
Therefore, the change in the radiolarian species signals the
substation changes in hydrology and a strengthening of the
mesopelagic productivity regime. The above-mentioned IRD data
and the diatom, radiolarian and BF species variability all conﬁrm
considerable overall environmental and hydrology changes of the
NW OS during the PB and BO periods.
3.1.4. Atlantic (AT) period (9.1–6.0 kyr), 330–250 cm interval
A strong peak in the IRD at the AT beginning (Fig. 5b) indicated
a further considerable increase of sea ice melting. Enhancement of
the sea ice melting is conﬁrmed by an abrupt lightening of the
d18Opf, likely forced by surface water freshening (Fig. 6b). These
NW OS environmental changes are consistent with the more
pronounced warming directly after glaciation in NE Asia, Siberia
and the land surrounding the OS from 9 kyr ago, as evidenced by
the available pollen data (Velichko et al., 1997; Demske et al.,
2005; Gorbarenko et al., 2003b, 2004). After 8 kyr, IRD consider-
ably decreased and then changed consistent with the totals for the
whole OS IRD variability (Fig. 3l, j, k), where the lower IRD
indicates less sea ice inﬂuence.
The decrease in productivity, as the Corg record shows, was
partially induced by lower input of terrigenous organic matter
demonstrated by the C/Nat ratio (Fig. 2c, b). In concert with the
productivity changes, the BF abundance in the sediment
decreased as well (Fig. 4b). The changes in the abundance of
species with different tolerance levels to oxygen deﬁcit are
observed in the AT sediment. C. laevigata at ﬁrst strongly dropped
at the beginning of the AT, indicating an oxygen content increase
in the surface sediments. V. ochotica and U. peregrina started to
dominate in the middle AT period. The arctic species C. teretis
gradually increased during the AT and eventually dominated by
the end (Fig. 4). During the AT, the BF trend of domination by the
strictly suboxic species to suboxic–oxic species testify to an
increase of the surface sediment oxygenation, due to the decrease
of organic matter ﬂuxes and oxygen consumption or enhance-
ment of the deep-water ventilation.
The total diatom fossil accumulation remained low with some
growth towards the AT end (Fig. 5a). The relative abundance of
the near-ice species continuously decreased, and the oceanic
group increased; percentages of the sea-ice species sharply
dropped from around 6% for the BO period to nearly 2% during
the AT (Fig. 5c, d, e). R. hebetata strongly dominated in the middle
of the AT and decreased at the end of the AT, indicating the
establishment of modern surface salinity conditions that are
consistent with the low frequency freshwater indicator P. sulcata
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(Fig. 5k, f). Consistent with the decrease of sea ice inﬂuence, the
diatom data indicate further amelioration of the surface environ-
ment and an establishment of surface water conditions corre-
sponding with the modern diatom assemblage since the end of
the AT.
Radiolaria absolute abundance slightly decreases at the Early
AT and then increases to maximum values at the end of the AT.
The complete domination of C. davisiana (up to 75%), a typical
indicator of the SOIW, gives evidence to an intensiﬁed mesope-
lagic productivity regime, as a result of a stable surface water
stratiﬁcation, that favors enhanced bacterioplakton fertilization of
the upper SOIW (Fig. 6d).
Micropaleontological, lithological and geochemical results tes-
tify to a warming of the surface environment conditions accom-
panied by a strong reduction of sea ice inﬂuence. Such
environmental and hydrological conditions were more favourable
for active fertilization of the upper SOIW during the Atlantic period.
3.1.5. Subboreal and Subatlantic(6.0–0 kyr), 250–0 cm interval
Similar to the total for the OS trend, the IRD decreased during
6.0–3.6 kyr and remained low at the ﬁnal part of the Holocene
(Fig. 3j). That indicates that sea ice formation continued to decrease
from 6 kyr ago and reached its modern condition near 3.6 kyr ago.
The evolution of the sea ice cover for the last 6 kyr was
accompanied by a strong increase in diatom production and,
therefore, biogenic opal content (Figs. 5a, 6a), while organic carbon
and BF abundance in the sediment did not vary signiﬁcantly (Fig. 4c,
b). Diatom production strongly increased during 6–3.6 kyr and
remained at their high values during the last 3.6 kyr resulting in the
formation of diatomaceous ooze (Bezrukov, 1960; Gorbarenko et al.,
2002a). During the last 6 kyr the oceanic group dominated and the
share of near-ice species was constantly small, indicating a
preferentially open seawater condition during the spring-summer
seasons. At the SB beginning (6–5 kyr ago), B. batyomphala signiﬁ-
cantly decreased in parallel with IRD accumulationweakening (Fig. 5i,
b). The sea-ice species abundance changed from nearly 3% to around
0.9% during 6.0–3.6 kyr and averaged 0.6% during the last 3.6 kyr,
indicating that the sea ice sharply decreased at the AT/SB boundary
consistent with IRD variability. Species T. latimarginata dominate in
the oceanic group from 6 kyr, signifying the active formation of the
cold SODL under the warm surface water. Appearance of the relative
warm species N. seminae (Fig. 5g), which is abundant in the North
Paciﬁc, from 3.6 kyr may indicate the enhancement of the Paciﬁc
water input into the NW OS corner. The IRD and diatom data
indicated that the sea ice inﬂuence from 6 kyr changed as did that in
the main part of the OS (Fig. 3j, k, l) and signiﬁcantly controlled the
absolute and relative diatom production.
Continuous depletion of d18Opf from about 6 kyr (Fig. 6b)
testiﬁes to the warming or freshening of the surface water as well.
The formation of the modern surface environmental conditions
around 6 kyr ago (Fig. 3j) is consistent with the atmospheric
warming of the OS continental border areas in accordance with
the pollen data from Siberia (Demske et al., 2005), NW Asia
(Velichko et al., 1997) and the surrounding OS land (Gorbarenko
et al., 2004, 2003b).
All the above-mentioned results and data indicate that the
surface conditions in the OS became favourable for warm surface
water (WSW) formation from 6 kyr. Establishment of the WSW,
supported by the extremely cold SODL as seen by the high
percentages of the species T. latimarginata, creates surface water
stratiﬁcation favourable for diatom production in the OS. On the
other hand, the diatom production is also inﬂuenced by the silica
nutrient content supplied into the OS mainly by the freshwater
from the Amur River. The Amur River runoff, which is inﬂuenced
by summer precipitation from the Asian monsoon, is dependent
upon the history of summer Asian monsoon changes during the
Holocene. According to the stalagmite d18O records from southern
China, the Asian summer monsoon was at its strongest 9–7 kyr
ago and then weakened in the Middle–Late Holocene, although
being stronger than during glaciation (Wang et al., 2005). Likely, a
combination of the surface hydrological conditions and the
variability of silica input by the Amur River formed the OS
pattern of diatom production and opal content with a strong
strengthening during the last 6 kyr (Gorbarenko et al., 2002b; Seki
et al., 2004; Gorbarenko and Goldberg, 2005).
In the BF assemblages the domination of the suboxic species
C. teretis during 6–3.6 kyr was replaced by the phytodetritus species A.
weddellensis for the last 3.6 kyr (Fig. 4e, g’). So BF species replacement
was likely connectedwith the changes in the sea ice cover, the surface
phytoplankton productivity, and special organic ﬂuxes to the bottom
during the spring diatom bloom (Thomas et al., 1995).
Under rather constant radiolarian abundance in the sediments,
the C. davisiana relative abundance strongly decreased (from
60–70% to 10–20%) and Plagoniidae spp.% mirror increased from
6 to 2 kyr (Fig. 6d, e). Our data show that such radiolarian species
changes were closely related with the changes of diatom
abundance (Figs. 5a, 6a, d, c) and, therefore, with the changes
of the type of food required for the radiolarian production,
which was supplied the water column. Such a decrease in the
C. davisiana frequency, which is a modern indicator of the SOIW,
may hardly be explained by the reduction of the SOIW formation,
because, according to our IRD data, signiﬁcant changes in SDW
formation, controlled by surface cooling and salt rejection, were
not observed, and the inﬂow of Paciﬁc water into the OS did not
drastically change because the sea level and climate were similar
to their modern states (Yamamoto et al., 2002). A strong increase
in the percentage of Plagoniidae spp., which probably fed on fresh
phytodetritus (Abelmann and Nimmergut, 2005), was induced by
the growth of diatom production that is consistent with the
dominance of the opportunistic benthic species A. weddellensis
(Fig. 4e), which similarly consumed fresh phytodetritus at the
bottom. Therefore, the supply of microbial biomass into the
intermediate waters decreased and that, in turn, led to a decrease
of C. davisiana production (Fig. 6d). So the observed radiolarian
taxa changes are consistent with the above-mentioned variability
of the surface water condition, phytoplankton productivity and an
increase of the sea surface water stratiﬁcation.
The geochemical and paleontological results also show sig-
niﬁcant changes of the NW OS environment at 1.0–2.4 kyr before
present. The heavy d18Opf values for the SA beginning nearly
2.4–1.8 kyr ago were followed by its abrupt decrease around
1.5 kyr ago (Fig. 2a). These isotope changes of planktonic
foraminifera support the argument that some surface water cooling
or salting around 2.1 kyr was followed by its warming or
freshening. Taking in account that the age model of the studied
core for the last 3.5 kyr was constructed by linear interpolation of
AMS 14C data 3.5 kyr, it seems that the cooling and subsequent
warming in the NW OS according to isotope records may be
correlated with the SA beginning (mid-Neoglacial) cooling and
Medieval Warm Period, respectively, observed in Eurasia and the
Northern Hemisphere (Klimenko and Klimanov, 2003; Demske
et al., 2005).
In the diatom assemblages the relative abundance of oceanic
species somewhat decreased and near-ice species, respectively,
increased at around 1.4 kyr ago (Fig. 5d, c). T. latimarginata, which
is representative of the oceanic species and an indicator of the
cold underlying SODL (Sancetta, 1981), sharply dropped at 1.4 kyr
ago on account of the abrupt increase of the other oceanic species
T. longissima, which had low percentages before this peak.
The radiolarian abundance strongly decreased near 1.3 kyr and
then around 1 kyr abruptly increased to values lower than those
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during the SB and early SA (Fig. 6c). Relative abundance of the
‘‘productive’’ and deeper water dweller Plagoniidae spp. sharply
decreased in contrast to the increase in the surface and subsurface
water dwellers S. venustum and C. borealis (Fig. 6f, e, g).
The short duration changes in BF species assemblages during
1.4–1.0 kyr were accompanied by an abrupt increase of suboxic–
oxic species C. teretis, U. auberiana and V. ochotica, which
accounted for the decrease of opportunistic A. weddellensis
(Fig. 4g0, f, f 0). The peak in suboxic–oxic species was likely
induced by a decrease in the productivity and organic matter
ﬂuxes to the bottom or by a strengthening of deep ventilation. The
slight decrease in BF abundance and in the CaCO3 content during
this time span (Figs. 4b, 3d, t, f) indicates that the ﬁrst factor
prevailed.
Probably, during the 1.5–1.0 kyr short time frame, correlating with
the Medieval Warm Period, the NW OS surface water density
decreased considerably and created strong surface water stratiﬁcation
and weakened the winter formation of the SODL. In turn, such surface
changes hampered the nutrient supply into the euphotic layer that
change the productivity regime and organic matter export into the
intermediate and bottomwater and, therefore, changes in the diatom,
radiolarian and BF assemblages. However, further high-resolution
study is needed for checking this preliminary hypothesis. During the
last 1 kyr the hydrological condition and productivity of the NW OS
were close to modern ones with typical for present time the diatom,
radiolarian and BF species assemblages.
A distinct sequence of climate and environmental changes
reﬂected organic and carbonate carbon, opal content and IRD
records of the NW and other OS cores may be related with the
variability of the Polar Circulation index (PCI) of the Northern
Hemisphere atmosphere calculated by using glaciochemical series
in the Greenland ice core (Mayewski et al., 1997) (Fig. 3, upper
panel). PCI shows relative measure of the average size and
intensity of polar atmospheric circulation and characterizes high
latitude atmospheric dynamics that signiﬁcantly inﬂuenced the
studied sea environment and joint land climate. The sequence of
the PCI abrupt changes and minima, related with pronounced
high latitude atmospheric changes with the age boundary of 14.7,
12.8, 11.7, 9.0, 6.4, 3.8 and 1.6 kyr, is correlated with the ages of
the distinct periods of more signiﬁcant environmental changes in
the OS of 14.4, 12.6, 11.2, 9.1, 6.0, 3.6 and 1.6 kyr ago (Fig. 3).
4. Conclusion
The received lithological, geochemical and micropaleontology
results testify to severe climatic and environmental conditions in
the NW OS during the last glaciation with mainly perennial
sea ice coverage and very low productivity. The most severe
regional climatic and ice conditions occurred during the period
of 15.8–14.8 kyr, synchronous which the Heinrich 1 cold event.
According to the BF data the deep water was weakly ventilated;
however, the upper SOIW was formed during the last glaciation as
the radiolarian records indicate.
According to the multiproxy results the slight regional
warming and environment amelioration, accompanied by the
ampliﬁcation of productivity and a weakening of the sea ice
conditions during summer, occurred almost simultaneously with
the BA warming. Inside the BA warming the obtained results
distinguished Bølling and Allerøed warmings with different
environmental conditions separated by the Older Dryas cooling.
During Bølling we see the mesopelagic regime with microbial
export predominating in the upper and lower SOIW. During
Allerøed we see the distribution of enhanced organic matter in the
surface and subsurface water increase, probably because of
enhancement of the surface water stratiﬁcation.
During 12.6–11.1 kyr the regional environment condition was
cold, but not as severe as the glacial ones, while the sea ice
coverage in the NW OS was rather strong because of climate
cooling synchronous with the YD cold event.
Some climate warming since the Preboreal contributed to
intensiﬁcation of sea ice melting and amelioration of the surface
conditions during the summer season, which in turn led to the
productivity rise and changes in the water column and bottom
environment as demonstrated through the organic carbon content
and diatom, radiolarian and BF species assemblages. The increase
of the surface water stratiﬁcation and productivity enhancement
intensiﬁed an oceanic diatom and surface radiolarian production,
parallel with the further increase of microbial detritus export into
the SOIW and the development of a mesopelagic productivity
regime. The changes in the productivity favored a signiﬁcant
increase in the BF abundance and domination of the oxygen-
tolerant BF species. During the Boreal period more stable surface
water stratiﬁcation intensiﬁed productivity and its mesopelagic
regime distribution in the water column.
Signiﬁcant regional climate warming since the Atlantic
(9 kyr ago) strongly increased the summer sea ice melting and,
therefore, considerably ameliorated the surface environment. The
total productivity decrease compared with the previous period
was accompanied by maximal domination of the C. davisiana in
radiolarian assemblage indicating a preferential transport of
bacteria and phytodetritus into the SOIW.
Further considerable warming of the regional climate since
6 kyr ago accompanied by the typical OS sea ice changes led to the
surface water warming and enhancement of its stratiﬁcation.
Together with a high supply of silica by the Amur River runoff, the
above-mentioned surface changes led to a strong increase of
diatom production with diatomaceous ooze formation from
3.6 kyr ago up to the present time. Such signiﬁcant changes in
the type of production led to changes of food export distribution
into the water column with an increase in the feeding of the
‘‘productive’’ Plagoniidae spp. group without preferential depth
habitation and, therefore, a decrease of microbial biomass supply
into the SOIW according to C. davisiana records.
Some sea surface water cooling or salting at the Subatlantic
beginning 2.4–1.8 kyr was followed by its warming or freshening
from 1.5 to 1.0 kyr ago, which likely correlated with the Medieval
Warm Period. In turn that probably led to the strong surface water
stratiﬁcation during the MWP, decreased in the SODL formation,
productivity deterioration and considerable changes in the overall
NW OS environment according to diatom, radiolarian and BF
assemblages.
Multiproxy lithological, geochemical and micropaleontology
results of core LV 27-2-4 extend an early OS environmental and
productivity reconstruction (Gorbarenko et al., 1998, 2002a, b;
Ternois et al., 2001; Seki et al., 2004) into its northern part and
provide surface, intermediate and bottom water environment
evolution with high temporal resolution during the LGM,
deglacial and Holocene.
An established sequence of the northern OS environmental
changes during the Late Glaciation–Holocene is consistent with
the Northern Hemispheric climate changes and was likely forced
by atmospheric teleconnection according to the Polar circulation
index variability. Therefore, the obtained multidisciplinary results
of the NW OS core conﬁrm a synchronism of abrupt climate
changes in the Northern Hemisphere (Rohling et al., 2003).
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